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5. Tension stiffening
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3. Pull-out failure
4. Splitting failure
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1. Introduction

The behavior of reinforced concrete structures is influenced by the bond-slip mechanism between concrete
and rebar. The performance and strength of the structure are strongly affected by this mechanism. So, it is
indispensable to take bond-slip effects into account when analyzing the reinforced concrete structures.
Ignoring bond-slip effects causes stiffness of the structure to be calculated more than its actual value. It also
diminishes the deformation and augments the forces in the analytical model compared to those of the
experimental model. In the plain bars the failure is usually a pull-out type. However, in the deformed bar, in
addition to chemical and frictional bonding, interlocking between concrete and rib of rebar increases bond
stress. Depending on the bonded length, the failure can be of the type of pull-out or splitting concrete. There
are two cases in the local response of bond stress. In the first one, the slip along the axis of the bar is assumed
to be constant in short bonded length bars, whereas in the second case, the slip is a function of the local
coordinate in long bonded length bars. When the bonded length of an embedded bar is relatively small; i.e., L<
5¢, and a force F is applied at one of its ends, the relative steel-concrete slip can be considered constant in the
longitudinal direction. The bar behaves like a rigid body with a similar response regardless of the type of bond
test performed pull-out or push-in test. However, when the bonded length is relatively large; i.e, typically L>
104, the steel strains cannot be neglected, and the slip between the bar and the concrete block cannot be
considered constant. This is a very typical situation in reinforced concrete, since many codes specify minimum
values for L/, larger than 10. In the current study, bond-slip behavior between concrete and reinforcement
is investigated. To do this, the simulation of the pull-out test in finite element software, ABAQUS, is utilized. In
this simulation, in order to take bond-slip effects into consideration, steel nodes are connected to that of
adjacent concrete through non-linear springs. The behavior of these springs is defined based on a variety of
bond-slip models for a plain and deformed bar with short or long embedment length. Eventually, the merits
and demerits of the models have been explained. In this study different bond-slip models are investigated so
as to model pull-out tests in smooth and deformed bars. In finite element modeling, bond-link element is
utilized to simulate bond-slip between concrete and rebar.

2. Methodology
2.1. FE modeling

In this study, for simulating the contact between the rebar and the concrete, a Bond-link element (Fig. 1-a)
(Ngo and Scordelis, 1967) is used that does not have any physical dimension and connects two nodes with
identical coordinates with nonlinear springs. By assigning a force-displacement curve to these springs, it can
be shown that the bond-slip between concrete and adjoining rebar can be simulated. The accuracy of this
simulation depends on the number of springs, and the simulation will be highly accurate if springs are used at
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short distances (Fig. 1-b). In this research, due to the three-dimensional simulation of rebar and concrete, and
for increasing accuracy, every 5 mm of rebar length is used from 4 non-linear springs to connect the concrete
to the rebar. In the present study, the models CEB-FIP 2000 (International Federation for Structural Concrete,
2000), Verderame (Verderame et al., 2009), Modified Verderame (Verderame et al., 2009), Melo (Melo et al.,
2014) for plain bar and models CEB-FIP 90 (CEB-FIP Model Code., 1990) and Haskett (Haskett et al., 2008) for
the deformed bar have been used. Furthermore, pull-out tests performed by Melo et al. (2014) for short and
long bonded length are used so as to model pull-out test with plain bar, EN-$12 Specimen for short bonded
length and WP-¢$ 10 for long bonded length. Pull-out test carried out by Ciampi et al. (1981) and Lettow and
Eligehausen (2004) for short bonded length and pull-out test performed by Bigaj (1999) for long bonded length
are selected to model pull-out with the deformed bar.
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Fig. 1: a) Bond link element, b) nonlinear springs arrangement on the rebar

3. Results and discussion
3.1. Evaluation and validation for plain bar numerical models

Comparing between experimental and numerical graphs demonstrates Melo and Modified Verderame bond-
slip models due to taking into account bonded length, the diameter of bar, and steel yield stress can simulate
the interface between rebar and concrete better than CEB-FIP 2000 and Verderame models.

3.2. Evaluation and validation for deformed bar numerical models

Results for short bonded deformed bar shows in maximum bond stress CEB-FIP 90 model is better fitted to
experimental result than Haskett models. For long bonded pull-out specimen (Bigaj) results the difference
between experimental and numerical values, due to not considering steel post-yield strain by CEB-FIP 90 and
Haskett is obvious.

4. Conclusions

In this study different bond-slip models are investigated so as to model pull-out tests in the plain and
deformed bar. In finite element modeling, Bond link element is utilized to simulate bond-slip between concrete
and rebar. Four bond-slip models (Verderame, CEB-FIP 2000, Modified Verderame, Melo) are utilized so as to
model pull-out test with a plain bar. Comparing the results of these models with those of experimental samples
demonstrates that the models CEB-FIP 2000 and Verderame owing to not considering the effects of bonded
length, bar diameter, and yield stress, do not indicate reasonable results so itis recommended using the models
Modified Verderame and Melo which take into account the fore mentioned effects. In the case of the deformed
bar with short and long bonded length, force-displacement curves of Eligehausen (1981), Lettow (2004), and
Bigaj (1999) tests are compared with the results of numerical models CEB-FIP90 and Haskett. The CEB-FIP90
model for the deformed bar showed much better correspondence with experimental results than the other
model. For long bonded length, the test results of Bigaj were used and experimental curve and slip-rebar
location were compared with two numerical models of CEB-FIP90 and Haskett. A large difference was observed
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at the beginning of the curve due to the yielding of the rebar. The leading cause is that steel strain effects were
not considered in these models.
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